Abstract-Broadband channel is often characterized by a sparse multipath channel where dominant multipath taps are widely separated in time, thereby resulting in a large delay spread. Traditionally, accurate channel estimation is done by sampling received signal by analog-to-digital converter (ADC) at Nyquist rate (high-speed ADC sampling) and then estimate all channel taps with high-resolution. However, traditional linear estimation methods have two mainly disadvantages: 1) demand of the high-speed ADC sampling rate which already exceeds the capability of current ADC and also the high-speed ADC is very expensive for regular wireless communications; 2) neglect the inherent channel sparsity and the low spectral efficiency wireless communication is unavoidable. To solve these challenges, in this paper, we propose a high-resolution compressive channel estimation method by using low-speed ADC sampling. Our proposed method can achieve close performance comparing with traditional sparse channel estimation methods. At the same time, the proposed method has following advantages: 1) reduce communication cost by utilizing cheap low-speed ADC; 2) improve spectral efficiency by extracting potential training signal resource. Numerical simulations confirm our proposed method using low-speed ADC sampling.
Nyquist sampling theorem, the sampled channel length is increasing inevitably due to broadband nature of communication channels, and the length of a sampled channel easily reaches hundreds of taps [4] . A typical example of sparse channel is shown in Fig. 1 . The well-known approach becomes impractical when the bandwidth is too large because it is challenging to build sampling hardware that operates at a sufficient sampling rate. The demands of many modern applications exceed the capabilities of current technology. Even though recent developments in analog-to-digital converter (ADC) technologies have increased the sampling speed, stateof-the-art architectures are not yet adequate for highdimensional signal processing [5] . Except of the incapability, high-speed ADC is very expensive in general and cannot be utilized widely. Hence, it is necessary to develop novel alternative technique. To relax the strict requirement of high speed ADC sampling, recently, some pioneering works have been done in [5] [6] [7] . In these works, different ADCs working at sub-Nyquist sampling rate have been proposed. However, these pioneering works focus on the theoretical analysis of using compressive sensing (CS) [8, 9] . All of the works have not considered their applications on channel estimation in broadband wireless communication systems. In the traditional sparse multipath communication system, the receiver is often equipped with high speed ADC which is shown in Fig. 2 . High-resolution sparse channel estimation method using compressive sampling matching pursuit algorithm (CoSaMP) [10] has been proposed in our previous work [11] . However, the high speed ADC costs much more for the ordinary wireless communications. In addition, increasing transmission bandwidth requires much higher ADC sampling rate at the receiver. This well-known approach becomes impractical since it is difficult to build sampling hardware that operates at a sufficient Nyquist rate sampling. Equipping low speed ADC at the receiver is a good candidate to solve the challenge. However, low-speed ADC sampling will result in low-resolution channel estimation with traditional estimation methods. The worst case is that low-resolution channel estimation often deteriorates equalization at the receiver. To solve the contradiction between high-resolution channel estimation and low communication costs, it is necessary to develop high-resolution compressive channel estimation techniques. In this paper, different from the traditional method, we assume that the receiver is equipped with parallel low-speed ADCs as shown in Fig. 3 . Based on the low-speed ADC sampling system model, we propose a high-resolution compressive channel estimation method better than the conventional method in our previous work [11] . Numerical results also confirm the advantage of our proposed method.
Section II introduces the system model and problem formulation. Section III discusses compressive channel estimation for broadband communication systems under lowspeed ADC sampling. In section IV various numerical simulation results and discuss on their performance comparison are given. Concluding remarks are presented in Section V.
Notations: In this paper, we use boldface lower case letters x to denote vectors, boldface capital letters X to denote matrices. x represents the complex Gaussian random variable. 
where ( ) sinπ π = f t t t denotes high-speed ADC sampling function and T is the signal period. Hereby, the equivalent discrete-time system model is described by , 
Suppose that the receiver is equipped with p low-speed ADCs as shown in Fig. 3 . The integration period T is then split into P subintervals and ( ) ( / ( / ) ) ,
where 1, 2,..., = m M. Then the total number of subsamples collected by all parallel ADCs over all the subperiods is a × M P matrix which is shown in Fig. 4 . These subsamples can be expressed as 11 12 1
where the m -th row contains the subsamples obtained by correlating the measured signal with the waveform m x (t) over P subperiods with N P -length. Comparing with ADC based original M samples in Eq. (3), i.e., the sampling matrix Y collected at parallel low-speed ADCs over the whole signal duration T in Eq. (6), the relationship between them is given as 
In the sequence, we can easily find the following relation 
where 'mod' denotes modulo operation and 1, 2,..., = 
III. HIGH-RESOLUTION COMPRESSIVE CHANNEL ESTIAMTION
We formulate the sub-Nyquist rate sampling based sparse channel estimation as a compressive sensing problem [8, 9] . Sparse channel estimation methods have been intensively studied in recent years [11] . To make comparison with our previously proposed method, sparse channel estimation is implemented by CoSaMP algorithm. The detail of our proposed method is introduced as follows:
Given the received signal vector φ , equivalent training matrix Φ , the number of dominant channel taps is set to K . The proposed method is composed of four steps: Initialization. Set the dominant taps index set 0 Ω = ∅ , the residual estimation error 0 = ∅ r and put the initialize iteration counter as 1 = i Identification. Select a column subset Ω i of Φ that is most correlated with the residual: 
IV. NUMERICAL SIMULATIONS
In this section, we will compare the performance of the proposed estimators with 10000 independent Monte-Carlo runs for averaging. The length of sparse multipath channel h is set as 96 = N and its number of dominant taps is set as K . We consider two kinds of distributions on all dominant channel taps that their values are generated from 1 K -uniform distribution and random Gaussian distribution. The positions of dominant channel taps are randomly allocated within the length of h and is subjected to 
where h and ĥ denote the original channel vector and its estimator, respectively. In the numerical results, traditional method and lower bound based on high rate sampling ADC, utilizing different equivalent random partial Toeplitz matrices X with training length M (short training sequence) and + e M M (long training sequence) are calculated, respectively. To make proposed method uses the same training matrix X with length M (short training sequence) and its extracted training matrix e X . In Fig. 5 and Fig. 6 , we compare the successful recovery probability of dominant channel taps as a function of extracted training signal length from 0 to 56. The received SNR is set as 10dB, 15dB and 20dB, respectively. Here, the number of dominant channel taps is set as 4 = K . From the two figures, it is observed that our proposed method is very close to optimal performance bound and the successful recovery increases as the extracted training length increases, while the traditional method is invariant and the performance is very poor. In addition, the two figures also showed that that channel taps are related with their distribution, e.g., uniform distributed channel taps are reconstructed easier than random distributed Gaussian taps. Furthermore, the average MSE of different methods are also depicted in Fig. 7 and Fig. 8 . From the two figures, it is observed that the estimation performance of our proposed method is better than traditional method and close to the lower bound. According to the above numerical simulations, the effectiveness of sub-Nyquist sampling rate ADC based method has been verified. In the next, the relationship between the proposed method and channel sparsity is considered. Since the space limitation, here, we only consider the uniform distribution of dominant taps on compressive channel estimation. Assume that the number of channel length is same, while the number of dominant taps is 2, 4, 6 and 8, respectively. We also compare their recovery probability of dominant channel taps (see Fig. 9 ) and average MSE (see Fig. 10 ). From the two figures, whatever the channel sparsity, our proposed method can always close to their lower bound. Hence, the proposed method is stable for the sparse channel with different number of dominant channel taps.
V. CONCLUSION
In this paper, we have investigated high-resolution compressive channel estimation based on the sub-Nyquist rate sampling ADC. First of all, we formulated the channel estimation as compressive sensing problem. In the sequence, an high-resolution compressive channel estimation method has been proposed for sparse multipath broadband communication systems. Comparison with the traditional sparse channel estimation methods has shown that, our proposed method has two advantages: 1) can achieve high-resolution channel estimation and even much better estimation performance; 2) can save communication cost. In the future work, we will study on multi-antenna high-resolution compressive channel estimation based on sub-Nyquist sampling ADC. 
